The quality of blockade produced by epidural analgesia is less intense than that obtained by subarachnoid block and motor paralysis is seldom complete. This is sometimes a disadvantage, particularly in major abdominal operations, when profound muscular relaxation is required. Moreover, the full spread of segmental analgesia develops slowly over a period of 15-20 minutes, so that induction must be started well in advance of a surgical operation if tiresome delays are to be avoided. The long waiting period for full segmental spread has not been shortened appreciably by any of the newer and more potent local analgesics, despite the fact that these same drugs produce immediate analgesia when injected subcutaneously.
In the past, attempts have been made to enhance the speed of onset and intensity of epidural analgesia, but these have had only limited success, and there is clearly a need for improvement. This work is concerned with investigations into a variety of techniques, some physical, some physico-chemical, that may help to improve the onset and quality of epidural blockade. A few of these methods are widely used, 342
and others have been advocated, either directly or indirectly by other workers, but all are in need of a critical quantitative assessment, so that their respective merits can be more clearly understood and applied in clinical practice. The investigation has been divided into two parts. The first, dealing with physical factors for enhancing the quality of epidural blockade, will be considered here; physico-chemical factors will be examined in a succeeding paper.
THEORETICAL CONSIDERATIONS

Vasocons triction.
Injected drugs are taken up by neighbouring tissues and removed by the regional blood flow. In this competition between nerves and blood vessels for available local anaesthetic solution, uptake by nerves is favoured by a reduced regional blood flow, as in hypotensive states and conditions of regional vasoconstriction. The prolongation of local anaesthetic action produced by the addition of vasoconstrictors, such as adrenaline, is well known, and one might expect that vasoconstrictors would also improve the speed of onset and quality of blockade for the same reasons, but little information is available on this point.
Diffusion: concentration.
Rules for epidural dosage have been founded on two basic assumptions. The volume of analgesic solution was thought to determine the extent of segmental spread, while the concentration of local analgesic drug governed the intensity -and-quality-of Woekaderlt has been pointed out elsewhere that the first of these assumptions is incorrect, and that spread of blockade is not governed by volumetric considerations alone, but by the product of volume and concentration or, in other words, by the mass of drug injected (Bromage, 1962a, b) . If epidural blockade were an uncomplicated expression of the ordinary laws of diffusion, one could expect that the second assumption, equating concentration with intensity of analgesia, might remain valid, since strong concentrations of local anaesthetic should diffuse across membranes more rapidly, and in greater quantity, than weak solutions. There is some evidence, however, that the diffusing ability of a local anaesthetic is not in direct proportion to its concentration (Rohmann, Eckert and Hett, 1959) and, moreover, the mechanism of epidural blockade is probably too complex to be explained only in terms of simple diffusion across membranes (Bromage, Joyal and Binney, 1963; Bromage and Burfoot, unpublished data, 1964) .
Diffusion: time.
Like all other diffusion processes, uptake of local anaesthetics by nerves is time-dependent. Thus, a prolonged or repeated injection of local anaesthetic should lead to a greater accumulalation of drug per unit mass of nerve than a single, rapid injection. Dogliotti (1939) advocated a fractional injection technique over a period of 5-10 minutes in order to improve the quality of epidural analgesia in this way. Crawford, Brasher and Buckingham (1957) have similarly noted that during continuous epidural blockade, excessive motor paralysis may arise if injections are repeated too frequently. This observation has been confirmed during the course of this investigation.
EXPERIMENTAL METHODS
Iignocaine in 1, 2, 3, 4 and 5 per cent concentration was used for lumbar epidural blockade in 255 patients. Pregnant women and patients with evidence of arteriosclerotic disease were excluded from the series, because these patients show an exaggerated spread of epidural blockade (Bromage, 1962a, b) . Solutions with adrenaline were prepared in a concentration of 1/200,000 by adding 0.1 mg of adrenaline hydrochloride, from a freshly opened ampoule, to each 20 ml of solution.
Triplicate samples from different batches of the analgesic solutions were tested in a Radiometer pH meter, and the pH of all the solutions fell within a range of 6.1-6.5, in the following distribution:
Iignocaine with Plain lignocaine 1/200,000 adrenaline 1 per cent 6.45 6.41 2 per cent 6.48 6.46 3 per cent 6.31 6.27 4 per cent 6.15 6.13 5 per cent 6.44 6.43 The small difference of pH in the solutions is probably not sufficent to account for any appreciable difference in their analgesic activity.
Epidural puncture was carried out in a standardized manner with the patients sitting up. The loss-of-resistance technique was employed to locate the epidural space at the level of the second lumbar interspace, using a No. 16 or No. 17 Tuohy needle with the orifice directed upwards, and a syringe filled with either the test solution or air, instead of saline, so that the dose injected into the epidural space could be measured exactly and without dilution (Bromage, 1962a, b) . In order to avoid toxic reactions, the dose of lignocaine was restricted to less than 500 mg at any one administration. The main dose was injected at the rate of about 0.75 ml/sec, a polyvinyl catheter was then inserted and, 5 minutes later, the patient was placed in the supine position.
Measurement of Sensory Blockade.
The patients were tested for analgesia to pinprick within 2 minutes of injection, and the upper and lower segmental limits of analgesia charted on graph paper every minute until the spread of analgesia was complete, and thereafter, every 5-10 minutes. The following information was obtained from plotting such a diagram ( fig. 1): A. Latency of initial onset. This is the time taken for analgesia to make its first objective appearance, usually in the upper lumbar dermatomes.
B. Latency of complete spread. The time taken for skin analgesia to spread to its farthest limits and to become established in all segments between these upper and lower limits.
C. Extent of spread, in terms of the number of dennatomes blocked per unit quantity of local anaesthetic solution. By common usage, there is still a tendency to think of dose requirements in volumetric terms, rather than as milligrams of drug, and so, for the purposes of this paper, the analgesic spread per unit dose will be expressed first in volumetric and then in gravimetric terms. That is, both as millilitres of solution and as milligrams of drug required to block one spinal segment. These figures are arrived at by dividing the dose administered by the total number of spinal segments anaesthetized, as explained elsewhere (Bromage, 1962a) .* D. Duration of action. Figures for the duration of action can be misleading unless the observer is careful to state precisely what is meant by "duration". Sometimes, one or two dermatomes will remain anaesthetized long after analgesia has disappeared from the rest of the area of blockade; and yet the duration of action in these residual segments is clearly of no practical concern, for the anaesthetist wants to know how long he can reasonably expect useful clinical analgesia to persist in the main area of the surgical field and in the segments immediately around it. For this reason, duration of action has been taken as the interval from the time of complete spread of analgesia to the point when *For example: supposing an epidural injection of 21 ml of 2 per cent lignocaine produced analgesia of all segments below T2. If we count the spinal segments up from S5 this makes a total of 20 segments (5 sacral, 5 lumbar and 10 thoradc).
Then, Segments 20
= Tn = 105 ml P" SP" analgesia has begun to regress and has receded two spinal dermatomes. This has been called "duration to recession of two segments".
Measurement of Motor
Blockade. The pattern of onset and decay of motor blockade does not coincide with that of sensory analgesia, but is slower to develop and of shorter duration. Therefore, for purposes of comparison between patients, it is important that observations of motor blockade should be made at a relatively long interval after induction of epidural analgesia, but before the block has begun to recede. An interval of 30-40 minutes after induction was chosen as the most suitable period for recording and comparing degrees of motor paralysis, for this is the point at which motor block is most intense after a single epidural injection.
Tests for motor paralysis were confined to the lower limb in patients with segmental analgesia extending above the level of the ninth thoracic vertebra. Unfortunately, the time for testing often coincided with some critical stage in the operation, when movements of the legs would have been unwelcome, so that observations of motor power are less numerous than the sensory data. Degrees of motor blockade were classified simply in terms of ability to make voluntary movements of the feet and legs, thus: Nil =Free movements of legs and feet. Partial =Just able to flex knees, free movements of feet Almost complete = Unable to flex knees, free movements of feet. Complete = Unable to move legs or feet. The effects of incremental epidural injections were observed in twenty-four patients. In these cases, a second injection of local anaesthetic was administered up the epidural catheter within 35-€O minutes of the previous injection, and motor paralysis tested after a further period of 30-40 minutes.
RESULTS
Latency.
The latency of onset and spread for lignocaine solutions between 1 and 5 per cent, with and without adrenaline added, are shown in table I, and the mean latency times are shown graphically in figure 2. P is the probability of the difference between the mean latency times of the plain and the adrenaline solutions (m,-m,), having arisen by chance (Student's "t" test).
The rather bizarre curves in figure 2 do not appear to follow any regular pattern, either in relation to concentration or to the presence or absence of adrenaline. Between 1.7 per cent and 4 per cent, adrenaline shortens latency, but beyond these limits it has the reverse effect and prolongs latency. The step from 1 per cent to 2 per cent concentration prolongs latency of spread by more than one-third in the plain solution, and yet shortens latency by 14 per cent when adrenaline is added. These latency curves are quite unlike those from any other form of regional analgesia, suggesting that perhaps thenuniqueness may be linked with the peculiar anatomical features underlying the mode of spread and sites of action of epidural blockade; elsewhere it will be shown how these curves do indeed add supporting evidence to a new hypothesis for the spread and mode of action of epidural analgesia.
Spread of analgesia.
The spread of analgesia, expressed as the dose required per spinal segment, was plotted against age in every case, as in a previous series (Bromage, 1962a, b) , and mean regression lines for dose requirements were drawn for each of the populations receiving 1, 2, 3, 4 or 5 per cent lignocaine. The results are shown in figure 3. Dose requirements have been expressed volumetrically on the left, and gravimetrically on the right of the figure. It should be noted that the gravimetric dose requirements for the 2-5 per cent solutions are practically identical, whereas considerably less is required for the 1 per cent solution. A fair approximation for dose requirements of all the solutions between 2 and 5 per cent would be about 35 mg per spinal segment at 20 years of age, decreasing steadily to about 15 mg per segment at 80 years; and about 25 mg decreasing to 10 mg for the 1 per cent solution. 
VOLUME OF SOLUTION
Duration of action.
Accurate figures for duration of action could be obtained in only sixty-eight cases, since the remaining patients requested to be asleep during operation. However, sufficient data was obtained to show the statistical distribution of duration for each class tested, and the results are summarized in figure 4. It can be seen that concentration has little influence on duration in the 2-5 per cent range, where the plain solutions have an effective duration of about 45-50 minutes, and the adrenaline solutions last about twice as long. The change from 2 to 1 per cent shortens duration significantly, reflecting the lesser uptake that has already been shown to occur with the 1 per cent solution.
Motor blockade.
The incidence of motor blockade is shown in table II and the results summarized in graphic form in figure 5 . The categories of blockade, Nil, Partial, Almost Complete, and Complete, described in "Methods", have been given arbitrary scores of 0, 33, 66 and 100 respectively, so that the average results from each test solution can be expressed as a percentage of the mnYtmnm possible score of 100.
It is well known that relatively little motor paralysis is normally associated with the initial doses of epidural analgesia, and this tendency is confirmed in figure 5 where scarcely any motor block is seen to occur with the plain solutions. The influence of adrenaline on the quality of motor paralysis is also clearly shown, the average score of the plain solutions being increased threeto fivefold by the addition of 1/200,000 adrenaline.
In the presence of adrenaline the concentration of analgesic drug between 2 and 5 per cent does not appear to have any appreciable effect on the intensity of motor blockade. However, the 1 per cent solution does produce less motor block than the other adrenaline-enriched solutions, recalling the parallel differences that we have already seen in uptake and in duration of action. The effects of a second injection, repeated relatively soon after the first, are shown in figure  6 . The results are drawn from patients receiving either 2 per cent lignocaine or mepivicaine, with adrenaline, and in each case half the initial dose was injected after an interval of 35-60 minutes following the original induction dose. It can be seen that the intensity of blockade is markedly increased by the second, reinforcing injection.
These findings demonstrate some of the requirements either for a powerful motor block or for a so-called "differential blockade" when sensory analgesia is sought in the virtual absence of motor paralysis.
DISCUSSION
An explanation of the very confusing latency curves shown in figure 2 will be discussed in a later paper.* For the moment we need only concern ourselves with the practical application of these curves.
It must be appreciated that the mechanism of onset and spread of analgesia from the epidural space is governed by anatomical conditions peculiar to the region, so that the orders of latencies of local anaesthetic concentrations found here are unique and cannot be translated to situations elsewhere. Moreover, it must be emphasized that these latency values apply only to the experimental conditions of this series, in which the mass and concentration of solute were chosen to provide analgesia up to the mid or upper thoracic segments in each case. Quite different figures could be expected under conditions of supramaximal dosage, when the entire epidural space is flooded with analgesic solution, and all the molecules of analgesic solute have relatively short distances to travel before reaching their target. Similarly, duration can be prolonged by injecting massive doses of analgesic drug, but since local analgesic agents have been shown to penetrate intracranial structures from the extradural •Bromage, "The Dynamics of Epidural Spread" (in preparation). space, this is not considered a desirable practice (Bromage, Joyal and Binney, 1963) .
It is clear from figure 2 that we cannot make a simple statement about the effects of adrenaline on epidural latency, for it has a markedly biphasic effect depending on the concentration in which a given dose of analgesic drug is presented. In the range of lignocaine concentration between 1.7 per cent and 4 per cent adrenaline shortens latency, whereas outside this range it impedes the onset of analgesia.
However, the biphasic effects of adrenaline on latency do not extend to its influence on the intensity of blockade, for here adrenaline consistently reinforces the quality of sensory and motor blockade in all the concentrations tested. This is what might be expected on theoretical grounds, for in the competition for uptake of drugs between blood and nerve, adrenaline is likely to favour the latter by constricting the local blood vessels, thus reducing systemic dissipation and so encouraging a correspondingly greater uptake by nerve tissue. Indeed, it has been shown elsewhere that venous concentrations of lignocaine are reduced by about one-half when adrenaline is added to the epidural solution (Bromage and Robson, 1961) .
The surprising finding that segmental spread of analgesia is dependent on the mass of analgesic solute rather than on the volume or concentration of the solvent has been discussed before (Bromage, 1962a, b) , and it was equally surprising to find that concentration has such little effect on the degree of motor blockade. Figure 3 shows, however, that the relationship of solute mass to segmental spread is quantitatively less for the 1 per cent solution than at higher concentrations. For example, at 30 years of age, 30 mg of lignocaine per segment are required for the 3 per cent solution, whereas the 1 per cent solution requires only 23 mg. This implies that less drug is distributed to each individual segment from the 1 per cent solution, and the slightly reduced segmental uptake reflects, and perhaps explains, the correspondingly reduced duration and degree of motor block found with the 1 per cent solution. The idea of a certain number of milligrams of drug being taken up by each segment is used loosely here as a purely practical device for estimating dosage requirements. In fact, of course, uptake is not an even distribution, and experiments in dogs with C 1 * labelled analgesics have shown that uptake is greatest at the point of injection, falling off from there with increasing distance (Bromage, Joyal and Binney, 1963; Bromage and Burfoot, unpublished data, 1964) .
Some degree of differential spinal blockade is an inherent feature of epidural analgesia and motor blockade is seldom complete with the type of solutions used in this series. Figure 5 shows that only a negligible amount of motor block can be expected from the plain solutions, whereas the addition of adrenaline increases the incidence of motor block to about one-third of maximum, except for the 1 per cent solution which still remains relatively inactive even in the presence of a vasoconstrictor.
Thus we are most likely to achieve a high degree of differential blockade by choosing a plain solution with a concentration below 5 per cent. However, in the absence of a local vasoconstrictor, a relatively large proportion of the drug is lost to the systemic circulation, so that duration of action is shortened and the dangers of toxic reactions are increased, especially when large doses are used. Differential blockade can be obtained more efficiently by using lignocaine in a concentration of 1 per cent, or less, with adrenaline 1/200,000 to 1/300,000. Under these conditions, vascular uptake is reduced by about onehalf and the analgesic effect is proportionately lengthened. A relatively long waiting time is required for this solution to produce its full effect (see fig. 2 ), but this disadvantage is only apparent at the initial induction of analgesia, for successive injections up an indwelling catheter always produce blockade more quickly than the first.
It is interesting that one of the most readily available concentrations of lignocaine for epidural analgesia, the 2 per cent solution, is also one of the least efficient from the point of view of latency of spread. The 2 per cent plain solution has a long spreading time of 18.1 minutes, exceeded only by the 1 per cent solution with adrenaline, with the even longer spreading time of 18.5 minutes. The most rapid spreads are seen with 1 per cent and 5 per cent plain ligno- 3 % + adrenaline 1% or 5% plain for initial injection followed by 2% or 3% with adrenaline 0.75-1% + adrenaline 2-4% + adrenaline caine (13.5 minutes), followed by the 3 per cent solution with adrenaline (14 minutes).
The clinical applications of these data are quite apparent and the salient features are summarized in table HI. The best choice of solution for surgical analgesia varies with the analgesic technique. For single-shot injections the 3 per cent solution with adrenaline is the most efficient: onset is rapid, analgesia is reliable and prolonged, and motor block is as good as, and no worse than, with the other solutions. Blood levels appear to be no higher with the 3 per cent than with the 2 per cent solution, provided, of course, that comparable masses of solute are used or, in other words, the volume of 3 per cent solution is reduced commensurately with its increased concentration.
For the continuous technique, advantage may be taken of the rapid onset of the 1 per cent or the 5 per cent plain solutions. An initial injection of a large volume of 1 per cent, or a very small volume of 5 per cent plain solution, establishes a rapid "flash" spread that provides adequate analgesia for the skin incision. A second small top-up dose of 2 or 3 per cent solution with adrenaline, 15 minutes after the first, intensifies the block and ensures good muscular relaxation without causing an appreciable increase of the area of segmental spread.
Finally, we must consider the effects of repeated epidural injections and here again we are in a field of biphasic behaviour. Repeated epidural injections at short intervals cause an intensification of blockade (Bonica et al., 1957) 5 whereas repeated injections at long intervals lead to a form of tolerance (Brown, 1948; Moore, 1953) . This tolerance is manifested by a decay of effect in both space and time, so that for a given dose, the area of segmental blockade, the intensity and duration of action, all diminish in an exponential manner with each successive injection (Bromage et al., unpublished results) . Decay appears to develop in inverse proportion to the concentration of the drug and is most noticeable when plain solutions are used. If injections are spaced fairly closely together, augmentation rather than decay may tend to develop and in these circumstances a weak concentration with adrenaline is the safest choice. On the other hand, if injections are spaced at wide intervals, interspersed with periods when the patient is free of all analgesia, then a strong concentration, such as 4 per cent with adrenaline, is most likely to avoid a troublesome onset of tolerance and decay.
Experiments carried out by one of us (M.F.B.) on dogs have shown that the onset of epidural blockade is accompanied by a rising concentration of analgesic drug in the lumbar cerebrospinal fluid which reaches a peak about 9 minutes after injection and then falls exponentially. A second injection given 30 minutes after the first is followed by a second peak concentration, similar in magnitude to the first, but summating with the residual drug in the c.s.f. left over from the first injection. The results of a typical experiment are shown in figure 7. It may be assumed that the appearance of drug in the spinal c.s.f. reflects a comparable uptake by adjacent nerve tissues, so that closely repeated injections probably lead to an accumulation of analgesic drug in the affected parts of the nervous system. This laboratory evidence supports the clinical findings summarized in figure 6 where a second epidural injection 35-60 minutes after the first is shown to double the intensity of motor blockade, the mean score shifting from 29 per cent of maximum at the first injection to 57 per cent of maximum at the second injection.
Crawford, Brasher and Buckingham (1957) have warned about this summating effect in situations in which spontaneous respirations are required in the presence of a high segmental block. Thus, in the treatment of painful chest injuries with intermittent epidural blockade, great care must be taken to leave an interval between injections that is adequate but at the same time not too long, so that one can steer the narrow course between the Scylla of motor depression and the Charybdis of epidural decay. The existence of this delicate balance between augmentation and decay of effect makes the use of continuous epidural infusions very difficult to manage effectively and safely under conditions of high thoracic blockade.
The simple measurements described in this paper have shown that a few relatively insignificant changes in the concentration of analgesic drugs and the technique of their administration can produce a fairly wide range in the resulting quality of epidural blockade. Certain conclusions stated here are contrary to previously accepted ideas about epidural blockade and a satisfactory explanation for some of them remains lacking, or in the realm of speculation. However, in clinical practice, the margin between a successful result and an indifferent outcome will clearly depend on the anaesthetist's ability to match these experimental findings appropriately to any given clinical situation. Moore, D. C. (1953 
VALEUR DU BLOCAGE £PIDURAL I: INFLUENCE DES FACTEURS PHYSIQUES
SOMMAIRE
Chez 255 malades on a utilise pour l'analgesie e'pidurale des concentrations de lignocaine variant de 1 a 5 % avec et sans adrenaline au 1/200.000. On a mesure" le temps de latence, le degre' d'extension segmentaire, 1'intensiW et la durte du blocage moteur. Le degre 1 d'extension segmentaire dlpendait de la masse et non pas du volume de solute injects et a n'importe quel age le rapport entre la dose et l'extension segmentaire du blocage dtait constant pour toutes les concentrations entre 2 et 5%. A la concentration de 1% la lignocaine bloqua un plus grand nombre de segments que pour des concentrations plus importantes, mais l'intensite' et la dur6e du blocage £taient plus faibles. A 1/200.000 Tadrtnaline ne sembla pas influencer notablement l'aire d'extension segmentaire, mais elle doubla la durte et tripla 1'intensiW du blocage moteur pour toutes les concentrations examinees. Le temps de latence prece'-dant l'analgesie e'tait irrtgulierement influence 1 par la concentration et par 1'addition d'adrtnaline. L'analgesie e'tait le plus rapidement atteinte avec la lignocaine k 1% et avec la lignocaine a 3% additione'e d'adre'naline on a observe' le temps de latence le plus long. 
DIE QUALITAT DER EPIDURALBLOCKADE
